Given the possible critical importance of placental gene imprinting and random monoallelic expression on fetal and infant health, most of those genes must be identified, in order to understand the risks that the baby might meet during pregnancy and after birth. Therefore, the aim of the current study was to introduce a workflow and tools for analyzing imprinted and random monoallelic gene expression in human placenta, by applying whole-transcriptome (WT) RNA sequencing of placental tissue and genotyping of coding DNA variants in family trios. Ten family trios, each with a healthy spontaneous single-term pregnancy, were recruited. Total RNA was extracted for WT analysis, providing the full sequence information for the placental transcriptome. Parental and child blood DNA genotypes were analyzed by exome SNP genotyping microarrays, mapping the inheritance and estimating the abundance of parental expressed alleles. Imprinted genes showed consistent expression from either parental allele, as demonstrated by the SNP content of sequenced transcripts, while monoallelically expressed genes had random activity of parental alleles. We revealed 4 novel possible imprinted genes (LGALS8, LGALS14, PAPPA2 and SPTLC3) and confirmed the imprinting of 4 genes (AIM1, PEG10, RHOBTB3 and ZFAT-AS1) in human placenta. The major finding was the identification of 4 genes (ABP1, BCLAF1, IFI30 and ZFAT) with random allelic bias, expressing one of the parental alleles preferentially. The main functions of the imprinted and monoallelically expressed genes included: i) mediating cellular apoptosis and tissue development; ii) regulating inflammation and immune system; iii) facilitating metabolic processes; and iv) regulating cell cycle.
Introduction
The placenta is essential for fetal growth and survival, by producing specific hormones, transporting nutrients and waste between the fetal and maternal vascular systems and protecting the fetus from the maternal immune system. Placenta is formed mostly by fetal chorion and maternal decidual tissue. The gene expression patterns of the fetal and maternal components of the placenta differ from each other 1 and exhibit temporal changes during placental development and growth. 2, 3 The correct regulation of gene expression is crucial for a healthy pregnancy, as deviations in gene expression are associated with pathologies, such as intrauterine growth restriction (IUGR) 4 and preeclampsia. 5 Genomic imprinting is a unique epigenetic feature, characterized by parent-specific monoallelic gene expression. It involves DNA methylation and histone modifications, mostly at gene promoter areas, without altering the genetic sequence. Most imprinted genes are expressed in the placenta, where they contribute to pregnancy development. Postnatal genomic imprinting may also occur, predominantly in the brain. 6 The fact that imprinting has been mostly found in placental mammals has resulted in several hypotheses to explain its evolutionary origin. According to the most accepted theory, the "parental conflict hypothesis," 7 paternally expressed genes maximize the resources received by an individual offspring, whereas maternally expressed genes conserve and distribute resources equally among all offspring. Thus, imprinting includes 2 opposing parental interests that are balanced during the development of a normal healthy pregnancy, while dysregulation could result in growth restriction of the newborn and, in more extreme cases, rejection of the pregnancy.
Well-known examples of imprinted genes that play critical roles in fetal growth and placental development include the paternally expressed insulin-like growth factor 2 (IGF2) and paternally expressed gene 10 (PEG10), and the maternally expressed pleckstrin homology-like domain, family A, member 2 (PHLDA2) and cyclin-dependent kinase inhibitor 1C (CDKN1C). IGF2 promotes the proliferation of cells in diverse fetal and placental tissues. The importance of paternally inherited IGF2 in allocating maternal resources for fetal benefit has been confirmed by the suppressed gene activity in IUGR placentas versus those from normal pregnancies. 4 In contrast, PHLDA2 and CDKN1C restrict feto-placental growth to the energetic advantage of the mother, as evidenced by their elevated gene expression levels in the placentas of sporadic IUGR pregnancies. 4 The embryonic lethality of Peg10 knock-out mice due to placental defects 8 revealed the indispensability of this paternally inherited gene for placental biology.
Although more than 50 placental imprinted genes have been detected in the human genome (Genomic Imprinting Website: www.geneimprint.com, Table S1), the list is not complete. The earliest studies on gene expression in mouse embryos and the characterization of genes involved in imprinting disorders such as Beckwith-Wiedemann syndrome, including both IGF2 and CDKN1C, provided the first evidence on parentally biased gene expression. Thereafter, genome-wide attempts to identify novel imprinted genes exploited genotyping microarrays, 9 ,10 mapping of differentially methylated DNA regions 11 and computational prediction. 12 More recently, high-throughput RNA sequencing (RNA-Seq) was used to provide the most representative genomewide list of imprinted genes in the placenta of mice, 13 as well as horse and donkey hybrids. 14 Gene imprinting is just one particular manifestation of monoallelic expression. The remaining 2 classes are characterized by random monoallelic expression and include autosomal monoallelic expression and X-inactivated genes (as reviewed in ref. 15 ). These 2 other mechanisms contrast the imprinted genes as the choice to express either of the parental autosomal allele or silencing of most genes in one X-chromosome is taken randomly and autonomously at the cellular level. Still common to all manifestations of monoallelic expressions, they are stably inherited during cell divisions, since the epigenetic marks are established in precursor cells. Although, X-chromosome inactivation in placental tissue is a matter of active research, there is only one systematic report on random monoallelic autosomal gene expression in placental tissue, 16 and its functional consequences on fetal development and survival have still remained unknown.
Given the possible critical importance of placental imprinting and monoallelic gene expression in general on fetal and infant health, most of those genes active during embryonal and fetal development must be identified, in order to understand the risks that the baby might meet during pregnancy and after birth. Therefore, our objective was to develop a more comprehensive method for updating the list of developmentally important imprinted and randomly monoallelically expressed placental genes by applying whole-transcriptome (WT) RNA-Seq of placental tissue and genotyping of coding variants in family trios.
Results

Identification of candidate imprinted genes
Ten family trios (mother, father and child) were recruited after the delivery of a healthy newborn from an uncomplicated term pregnancy. DNA from the umbilical cord and peripheral blood samples were used to obtain single nucleotide polymorphism (SNP) genotypes from newborns and parents, respectively ( Fig. 1) . Exome SNP microarrays (Illumina SNP HumanExome BeadChip v1.1) were utilized to genotype the coding SNPs of all participants. This microarray contains SNPs for 18,474 genes, representing 78% of the known genes in the University of California Santa Cruz (UCSC) database 17 ( Fig. S1 ). On average, 13.5 SNPs were included per gene, with most genes represented by >1 SNP (17,246 out of 18,474; 93.4%) and 818 genes (4.4%) harboring >40 SNPs (distribution of the SNP content of all genes is shown in Fig. S2) .
The genotyping of all family members resulted in a list of genes eligible for analysis by our methodology. Only genes containing coding SNPs for which a newborn was heterozygous and at least one of the parents was homozygous were considered informative for further analysis. This list of genes was generated by phasing each SNP for which the child was heterozygous to the parental genotypes. In this way, we were able to define which of the child's 2 alleles was inherited from the mother and which was from the father. We identified at least one phased SNP for at least one family trio in 55.0% (n D 10,167) of genes in the array (Fig. S1) . As a result, an average of 8,019 SNPs per trio (referred to as phased SNPs) among all genotyped SNPs were considered suitable for further analysis (Table S2 provides information for every family trio).
Next, parental genomes were constructed in relation to the reference genome (hg19). 17 These genomes were used to build the child's diploid genome, consisting of the inherited paternal and maternal haplotypes. SNP positions from the microarray annotation file were used to define the same SNPs in the RNASeq reads ( Fig. 1) and were compared to the UCSC gene coordinates 17 to identify genes that harbored the studied SNPs. Placenta samples from all family trios were analyzed by RNASeq, and the reads were mapped to both parental genomes. Phasing information was used to find maternal and paternal read counts of each phased SNP, which reflect the expression levels of maternally and paternally inherited alleles. All trios and all SNPs in a gene were summed to obtain gene-level read counts representing the abundance of the parental alleles, assuming that the imprinted genes show consistent predominant expression from either parental allele, as evidenced by the SNP content of the sequenced transcripts. A binomial test was used to detect statistically significant deviations between maternal and paternal read counts. Multiple testing-corrected p-values (q-values) were calculated by the false discovery rate (FDR) method, to limit the number of false-positive results. The fraction of maternal and paternal reads was significantly unbalanced for 33 genes (q < 0.05), which were reported as having allele-specific expression (ASE) and as being potentially imprinted ( Table 1) .
Selection of the final list of imprinted and randomly monoallelically expressed genes
To select the final list of imprinted and monoallelically expressed genes, another bioinformatic filtering step was introduced. Besides the SNPs on the microarray, all SNPs revealed by RNA-Seq and verified with the dbSNP database 18 were used to confirm the expression mode of the genes. We expect that all of the heterozygous SNPs in imprinted and randomly monoallelically expressed genes of the placental transcriptome, regardless of parental inheritance, will show a greater imbalance in the allelic ratio of the SNPs, with a higher proportion of statistically significant ASE (referred to as ASE-SNPs).
We reused a similar approach as in the original analysis pipeline to detect ASE-SNPs, with the exception that trios and SNPs were not aggregated to the gene level (Fig. 1) . Genes with 75% of the child's heterozygous SNPs showing significant ASE were selected, because this arbitrary level exceeded, by >3 times, the proportion of ASE-SNPs (22.6%) among approximately 10,000 randomly picked genome-wide SNPs. The more stringent analysis resulted in 12 genes listed in Table 2 and with the full names and functions given in Table 3 .
As the initial approach of summing up the information from all family trios including all SNPs may mask and bias the results in identifying the imprinted regulation of gene expression in individual families, we subsequently analyzed the parental specific gene expression of these 12 genes in individual families. This way of analyzing the results eliminates the risk that the gene imprinting ascertained is mostly caused by the biased ratio of gene activity in one or a few of the families analyzed, while in rest of the trios the gene is expressed in biallelic mode. Furthermore, by using this filtering step, we were further able to restrict the list of potentially imprinted genes and were capable to discriminate between the imprinted genes and those having monoallelic expression, but showing random activity of the parental alleles.
In trio-specific approach we confirmed the imprinting and paternal expression of PEG10 gene. In addition, we corroborated the imprinted regulation of recently established AIM1 19 , and RHOBTB3 11 . For all these genes, we were able to identify one (PEG10) or 3-4 (RHOBTB3 and AIM1, respectively) phased SNPs for showing the parental specific expression of the genes among the 10 families studied (Fig. 2) .
Lately, the study of Barbaux et al. 9 showed the imprinting and paternal expression of ZFAT locus harboring also a non-coding antisense RNA overlapping ZFAT gene named ZFAT-AS1. Although the number of phased SNPs was limited for ZFAT and ZFAT-AS1 locus in our study, we were able to re-establish the consistent paternal expression of ZFAT-AS1 by SNP rs135611945 in 3 family trios (Fig. 2) . However, we could not repeat the results for ZFAT imprinting as we demonstrated the monoallelic expression of ZFAT of 2 different SNPs in 2 different family trios, revealing monoallelic expression, but random activity of either of the parental allele (Fig. 2) .
In addition to ZFAT gene, ABP1, BCLAF1 and IFI30 demonstrated random monoallelic expression as all these 3 genes showed consistent and statistically significant monoallelic Maternal/paternal reads (%) -number of RNA-Seq reads that overlapped with SNPs in the respective gene and were previously determined to correspond to either maternal or paternal allele, and the proportion (%) of maternal reads from the total number of reads; p-value -binomial test p-value; q-value -FDR-corrected p-value; q-value < 0.05 was considered significant to detect allele-specific expression of a gene. Heterozygous SNPs -number of placental transcriptome heterozygous SNPs where child has at least 1% minor allele frequency (MAF) from dbSNP database and 3% MAF from RNA-Seq, also detecting the same alleles as in dbSNP database (see Materials and Methods for more details about this filtering step); Significant ASE-SNPs -number of heterozygous SNPs in children showing statistically significant allele-specific expression (ASE) in placental transcriptome; Significant ASE% -proportion of SNPs with statistically significant ASE; and Previously reported imprinting -previously reported imprinted and monoallelically expressed genes, showing the parental specificity in gene expression. IP -Imprinted and paternal expression, IM -Imprinted and maternal expression and RM -Random monoallelic expression.
expression for 1-2 SNPs in 3-4 family trios (Fig. 2) . The monoallelic expression of these 4 genes seems to be convincing as almost all informative SNPs identified in these genes in our family trios showed monoallelic, but mixed paternal and maternal activity of the corresponding gene. Surprisingly, we found biased parental allele usage for those 4 genes if we calculated the aggregated coverage for RNA-Seq reads summarised for all SNPs and families analyzed ( Table 1 ). This could mean that the silencing of parental alleles could be different and may result in some variations in the relative amount of parental alleles in individual ¢ Regulation of inflammation, hyperglycemia and obesity 65, 66 LGALS14 families. We were also unable to identify additional randomly monoallelically expressed genes neither among all genes nor the 33 candidate genes shown in Table 1 . According to our results, we showed possible imprinted regulation for 4 novel genes (LGALS8, LGALS14, PAPPA2 and SPTLC3). However, future studies are required in order to clearly show the imprinted regulation of these 4 genes as the number of SNPs and trios remained too small to draw the final conclusion. Furthermore, as for galectin genes (LGALS8 and LGALS14), we found SNPs with both statistically significant ASE and biallelic expression, the activity of these genes is most likely regulated by mosaic imprinting not present in all family trios. However, this finding should also be confirmed by subsequent studies including the higher number of families.
Among the 8 imprinted genes found in the current study only 2 genes (PAPPA2 and LGALS8) were expressed predominantly from the maternal allele, while in rest of the genes the paternal allele was more active. The proportions of maternal reads for the imprinted genes are shown in Table 1 , ranging from 3.5% of maternally expressed alleles for the paternally active PEG10 to 70% of maternally expressed alleles in PAPPA2.
Expression levels and genomic locations of imprinted and monoallelically expressed genes All 12 imprinted and randomly monoallelically active genes were expressed at levels above the median expression level of all genes transcribed in human placental tissue. The lowest and highest expressions were observed for BCLAF1 and PAPPA2, respectively. The density curve depicted in Figure 3 shows the distribution of the expression values for all genes.
The ideogram in Figure 4 highlights the locations of the candidate imprinted genes (Table 1) , the positions of the imprinted and randomly monoallelically expressed genes ( Table 2) , and the chromosomal coordinates of the previously known imprinted genes ( Table S1 ). Some of the imprinted genes found in the current study belonged to well-known clusters of imprinted genes, such as AIM1 at 6q21 and PEG10 at 7q21. Still, most of the imprinted and monoallelically active genes were randomly scattered across the entire human genome.
Validation of imprinted genes
High-throughput screening methods are useful for genomewide scans, but can sometimes cause false-positive results. To confirm the validity of our approach, 3 imprinted genes -PEG10, Rho-related BTB domain containing 3 (RHOBTB3) and pappalysin 2 (PAPPA2), were chosen for further validation. PEG10 is the most studied and evolutionarily conserved maternally imprinted and paternally expressed gene. 20 In contrast, RHOBTB3 was only very recently shown to be imprinted based on DNA methylation profiling 11 and requires additional proof from gene expression analysis. Potential imprinting of PAPPA2 in human placenta has not been reported previously.
The 500-bp genomic windows with the densest SNP concentration were selected and genotyped by Sanger sequencing LGALS14 RHOBTB3 SPTLC3 PEG10 PAPPA2 Figure 3 . Density curve for gene expression. Red lines show the distribution of expression levels for all 12 imprinted and monoallelically expressed genes detected in the current study (see Table 2 for details). Median expression of all genes is normalized to 1 (blue line). ( Table S3) . Genotyping results for the SNPs were obtained for maternal, paternal and newborn DNA and placental cDNA. If a gene has monoallelic expression in placenta according to its cDNA profile (so called "transcriptome-derived genotype"), then the genotype assigned for the placental cDNA will be homozygous. In case the child's blood DNA genotype is heterozygous, the silencing of one allele in placental transcriptome is proven. We genotyped 2 SNPs (rs13073 and rs13226637) within PEG10 in 7 families. In 4 families, we were able to confirm heterozygosity in the newborn and the monoallelic placental cDNA genotype. In all cases, the placental alleles were paternally inherited, confirming the exclusive expression from the paternal allele. In the other 3 tested families, all obtained genotypes were homozygous; therefore, it was not possible to gather information about imprinting. For RHOBTB3, 7 SNPs (rs6815, rs7622, rs3184188, rs6697, rs12351, rs34898 and rs34899) were tested in 8 family trios. There were no informative genotypes for one SNP (rs3184188). For the other 6 SNPs, we were able to see the same effect as for PEG10 in 5 families, namely, the placental cDNA had the homozygous genotype, and the child's blood DNA was heterozygous in the same position. The allele detected in the placental cDNA was inherited from the father in all cases, indicating imprinted status for the paternally expressed RHOBTB3 (Fig. S3) . Three potentially informative SNPs (rs12137448, rs12137517 and rs726252) were genotyped for PAPPA2 to confirm the RNA-Seq results shown in Figure 2 . We were able to confirm heterozygous genotypes for all 3 SNPs in the newborn. Only maternal alleles were detected in the same positions in the placental cDNA, proposing imprinting of the paternal allele and expression of the maternal allele of PAPPA2. (Table S1) , candidate imprinted genes are marked in blue ( Table 1 ) and imprinted and monoallelically expressed genes found in our analysis are marked in red ( Table 2 ). This image was generated using Idiographica web service.
Contribution of maternal decidua to the study of fetal genes As placenta comprises both fetal and maternal tissues, it is possible that the maternal part of the placenta could provide more sequencing reads. To estimate this potential bias, the fraction of maternal alleles was assessed by using phased SNPs from all autosomes. The fraction of maternal reads was equal to paternal reads, being close to 50% (46.5-51.2%) in all studied placentas (Fig. S4) , supporting the conclusion that genes active in maternal decidua do not interfere with the identification of imprinted and monoallelically expressed genes in placental tissue.
Discussion
We used WT RNA-Seq and genotyping of coding SNPs to study genomic imprinting and monoallelic autosomal expression in general in human placenta. We confirmed imprinting of wellestablished PEG10 and recently shown AIM1, RHOBTB3 and ZFAT-AS1. All these 4 genes are expressed from the paternal allele. In addition, we provided the evidence of possible imprinting of 4 additional genes, exhibiting either paternal (LGALS14 and SPTLC3) or maternal (LGALS8 and PAPPA2) expression. However, these findings should be taken with the caution and require confirmation by future studies including higher number of family trios. Even more interesting, we were able to demonstrate the random monoallelic expression of 4 genes (ABP1, BCLAF1, IFI30 and ZFAT), showing opposite expression of parental alleles in placental tissue in individual families.
We used full-thickness placental samples to study placental genomic activity. This approach raises the concern that a maternal contribution might distort the study of fetal genes in placental tissue. Furthermore, the differences in invasive behavior of feto-placental cells could be a possible reason for predominance of maternally or paternally expressed imprinted genes in placental tissue samples in different families. However, these 2 alarming precautions were considered unlikely as the contribution of maternal tissues to the total amount of transcribed alleles in placenta was found to be minimal because the proportions of maternally and paternally expressed alleles were nearly equal in all of our analyzed samples (Fig. S4) . This finding adds confidence about our study design, in terms of its ability to highlight imprinting and monoallelic expression in the fetal part of the placenta. Furthermore, by mapping the inheritance of the fetal alleles, we were able to focus only on the maternal alleles that were passed from the mother to her child.
The main functions of the proteins encoded by the imprinted and monoallelically expressed genes identified in the current study can be grouped as follows: i) mediating cellular apoptosis and tissue development; ii) regulating inflammation and the immune system; iii) facilitating metabolic processes; and iv) regulating the cell cycle ( Table 3) . Among our detected genes, PEG10, AIM1, BCLAF1 and PAPPA2 all participate in the regulation of cellular apoptosis and tissue development.
BCL2-associated transcription factor 1 (BCLAF1) encodes a protein that interacts with anti-apoptotic members of the BCL2 family, thereby acting as an inducer of apoptosis. 21 The functional BCLAF1 protein prevents carcinogenic processes and is suppressed in various carcinoma cells. 22 Nephroblastoma, also known as Wilms tumor, is a kidney cancer that commonly affects children with Beckwith-Wiedemann syndrome. In approximately 20% of nephroblastomas, the cancer is caused by mutations in the Wilms tumor 1 gene (WT1), 23 which exhibits polymorphic imprinting in human placenta. 24 Recently, the BCLAF1 protein was identified as a member of the WT1-associating protein complex required for cell-cycle progression. 25 Here, we provide the first evidence that placental BCLAF1 is an epigenetically regulated gene with random monoallelic expression in human placenta.
One of the most intriguing findings of our study is the imprinting status of the pregnancy-associated plasma protein 2 gene (PAPPA2; also known as pappalysin-2). The proteases PAPPA2 and its paralog PAPPA are involved in normal placental development, are produced by human trophoblasts, 26, 27 and have complementary functions. Both proteins degrade maternal decidua-produced insulin-like growth factor-binding proteins (IGFBPs), thereby releasing IGF2. 28, 29 PAPPA is a known marker of fetal genetic disorders, such as Down syndrome, 30 and PAPPA2 is upregulated in the placenta in preeclampsia (discussed by ref. 31).
We found preliminary evidence that PAPPA2 was maternally expressed in the human full-term placenta. If this finding is supported by future studies, then the imprinting status of PAPPA2 would help to outline alternative scenarios through which 2 mammalian species, mouse and human, have uniquely solved the problem of balancing the growth-promoting effect of paternally expressed IGF2. In mice, the maternally expressed Igf2 receptor (Igf2r) binds and targets paternal Igf2 for lysosomal degradation, thereby reducing its bioavailability. 32 However, in humans, the bioavailability of IGF2 might be regulated by the selective expression of maternal PAPPA2, thereby limiting the cleavage rate of IGFBPs and the release of IGF2.
During pregnancy, controlling infections and inflammation while modulating the maternal immune system are essential elements for fetal survival and development within the mother. We found 5 genes, IFI30, LGALS8, LGALS14, ZFAT and ZFAT-AS1, which may be associated with those mechanisms.
Interferon gamma (INF-g) inducible protein 30 (IFI30) encodes a lysosomal thiol reductase that reduces protein disulfide bonds at low pH to control intracellular proteases. IFI30 is expressed constitutively in antigen-presenting cells and induced by INF-g in other cell types. IFI30 has an important role in MHC class II-restricted antigen processing, by regulating proteases essential for the degradation of endogenous and exogenous antigens in the antigen presentation process. 33 More importantly, IFI30 helps to shape central and peripheral CD4C T-cell tolerance to self-antigens. 34, 35 Here, we detected monoallelic expression of maternal IFI30 in term placentas. This is in concordance with the general view that monoallelic expression is more often seen among the genes crucial for immune response and adaptation and encoding for immunoglobulins, T cell receptors, interleukins and receptors on natural killer (NK) cells (as reviewed in ref. 15 ). Although remaining highly speculative, we are suggesting that monoallelic expression of IFI30 may regulate pregnancy-related changes in the maternal immune system, particularly by inducing and maintaining immune tolerance toward the fetus and protecting the fetus from infection.
Two imprinted genes, LGALS14 (lectin, galactoside-binding, soluble, 14) and LGALS8, encode members of the galectin family of proteins. Galectins are b-galactoside-binding animal lectins with conserved carbohydrate recognition domains.
LGALS14 is predominantly expressed in placenta and hardly detectable in fetal organs. 36 Although there are limited research data on LGALS14, its membrane-bound counterparts are evolutionary conserved proteins that regulate immune function. For instance, the membrane-bound galectin-9 on T helper cells regulates immune responses toward immune tolerance. 37 Hence, we assume that the paternally expressed LGALS14 in term placenta aids in regulating the maternal immune system, to protect the fetus from maternal rejection.
LGALS8 is widely expressed in tumor tissues and seems to be involved in integrin-like cell interactions. We observed that LGALS8 was maternally expressed, unlike LGALS14, indicating that these galectins exert different roles in pregnancy. Galectin-8 is a cytosolic lectin that monitors endosomal and lysosomal integrity and detects bacterial invasion, thereby activating antibacterial defense. 38 Galectin-8 is expressed in villous and extravillous trophoblasts. 39 Together, these data suggest that galectin-8 most likely contributes to cellular proliferation, adhesion, invasion, and protection from microbial infection, all controlled by the maternal LGALS8 gene.
Using genome-wide mapping of differentially methylated regions, a recent study reported that RHOBTB3 has imprinted regulation. 11 However, this study largely challenged the earlier study of Gimelbrant et al. 16 showing biallelic expression for RHOBTB3 in human placenta. RHOBTB3 gene encodes a member of a family of small GTPases, which is involved in diverse cellular processes, such as endocytosis, vesicle trafficking, morphogenesis, cytokinesis, transcriptional activation, cell-cycle progression and apoptosis. 40 Our results seem to support the view of RHOBTB3 imprinting in human placenta as we demonstrated a strong bias toward expression of paternal allele, similar to PEG10 gene. However, the more depth understanding about the need for paternal expression of RHOBTB3 awaits for future studies.
All our imprinted and monoallelically expressed genes demonstrated high activity levels compared to the median level of all expressed genes (Fig. 3) . This elevated activity could be because these genes are likely important for pregnancy development and are thus highly upregulated in term placenta. Alternatively, the detection of imprinted and monoallelically expressed genes might have been limited to those that were expressed at high levels, as in the case of insufficient expression, any method can lack statistical power to demonstrate the monoallelic mode of gene expression.
Previous studies suggested that imprinted genes tend to be found in clusters. 41 Thus, the search for novel imprinted genes is often confined to the proximity of already established clusters of imprinted genes. This approach can present a bias that is eliminated by using RNA-Seq, which provides the advantage of capturing an entire transcriptome at the gene level. Unexpectedly, our findings seem to violate this general rule, as none of the newly identified 4 imprinted genes matched any known cluster (Fig. 4) . Among the 33 candidate imprinted genes, OR51B5 and OVCH2 were located in the IGF2 imprinted cluster at chromosomal locus 11p15, whereas KIAA1919 was positioned close to the imprinted AIM1 gene at 6q21. Still, the overall distribution of imprinted genes observed in our study is supportive of the view that imprinted genes tend to show a more disperse allocation throughout the human genome than initially thought. This possibility was demonstrated in another genome-wide RNA-Seq study of placental imprinting, as newly identified imprinted genes were randomly distributed across the entire equine genome. 14 Our report is among a very few studies that have systematically addressed bi-and monoallelic gene expression in placenta. Surprisingly, 5-10% of autosomal human genes undergo monoallelic expression, as shown in recent study. 16 The high proportion of monoallelically expressed genes in that previous study seems to contradict our results with only 4 genes (ABP1, BCLAF1, IFI30 and ZFAT) showing monoallelic expression. However, this can be easily explained by the study design and different nature of gene expression regulation. In the study of Gimelbrant et al., 16 the authors analyzed clonal B-lymphoblastoid cell lines and very small patches (1 mm 3 ) of placental tissue. The latter most probably consisted of clonally expanded placental cells which had inherited the identical epigenetic pattern of monoallelic expression to all daughter cells. Instead, in our study, full-thickness placental blocks of around 2-3 cm were taken from 3 different regions of placenta thus eliminating the possibility that we analyzed only the cells having common origin.
If the clonally expanded cells are analyzed, including the small clonal patches of tissue samples, the analyzed cells might express the same parental allele. However, if non-clonal cells or larger tissue samples with cells of different origin are analyzed the monoallelic expressions of opposite alleles are usually compensated and masked, making the monoallelic expression difficult to follow. This explains that monoallelic gene expression can be identified in larger extent only when single cells are analyzed or alternatively, when clonal descendants of the single cells are examined all together. This makes our observation of 4 monoallelically expressed genes valuable as we focused on the placental tissue as a mixture of different cell-types and having diverse origin. Our finding also implies that the epigenetic decision to inactivate one of the parental alleles was made early in the placental development and this choice was stably transmitted to all placental cells.
Although there is a growing body of evidence that random monoallelic gene expression seems to be a common phenomenon that greatly contributes to phenotypic differences among individual cells, our findings also hint that it might have consequences on pregnancy development. Still, the roles of random monoallelic gene expression as well as the detailed mechanisms of coordinated allele silencing remain to be discovered by the future studies.
The major shortcoming of RNA-Seq is the need to map the short sequence reads to their correct genomic locations in a reference genome. The mapping of reads with heterozygous SNPs might create a bias toward favored mapping of the allele in the www.landesbioscience.comreference sequence, compared with the alternative allele, 42 thus leading to a possible false discovery of gene imprinting. To overcome this systemic bias toward the reference allele, we used exome SNP genotyping of a child and her/his parents. We adopted a computational pipeline method 43 that integrated both maternal and paternal genome variation data into a diploid reference sequence. Mapping reads to both parental genomes and using the best mapping for further analysis helped to ensure that we were not reporting false-positive imprinted genes in our study.
We were able to confirm only 4 genes from previously known imprinted genes in placenta. The reason for this low number of genes may be due to the exome genotyping array that was used. The array did not include informative SNPs for identifying most of the previously known imprinted genes as only 78% of all annotated genes were represented in the microarray with at least one SNP (Fig. S1 ). This proportion is further reduced to 43% if we count only those genes that possessed at least one informative SNP in at least one family trio. Therefore, our methodological approach would likely miss more than half of all possibly imprinted genes. For example, the microarray analysis did not contain any phased SNPs in any of the trios for the analysis of PHLDA2 and CDKN1C. Only one phased SNP was found in 3 family trios in IGF2, but the low mapping coverage of the RNASeq reads to that specific locus was not sufficient to confirm its imprinting. However, when all heterozygous SNPs in the RNASeq data were analyzed in IGF2, almost 80% of them showed statistically significant ASE, thereby indicating the imprinted status for IGF2 in our study.
Owing to these limitations, our methodology to reveal the imprinted genes in placental tissue is biased toward the identification of highly expressed genes with denser sets of SNPs on the genotyping microarray, as summarized in Figure S5 . In future studies, exome sequencing of all family members should be used to reveal the full genetic diversity and heritability. Still, we proposed the imprinting of 4 novel genes (LGALS8, LGALS14, PAPPA2 and SPTLC3). When compared to already known imprinted genes, it seems that all novel genes are characterized with much subtle parental allelic expression bias. For instance, the less active allele accounts, in average, for 9.6% and 33.1% of total gene expression for already known (AIM1, PEG10, RHOBTB3 and ZFAT-AS1) and novel imprinted genes, respectively. Furthermore, gene imprinting may depend on the developmental stage of the placenta and the health of the pregnancy. As such, the results of the current study must be considered in the context of full-term healthy pregnancies.
In conclusion, the aim of the current study was to introduce a workflow and tools for analyzing imprinted and random monoallelic autosomal gene expression in human placental transcriptome. We identified 4 novel possible imprinted genes (LGALS8, LGALS14, PAPPA2 and SPTLC3) and confirmed the imprinting of 4 genes (AIM1, PEG10, RHOBTB3 and ZFAT-AS1) in human term placenta. Still, the major finding is the identification of 4 genes that demonstrated random allelic bias with the expression of one of the parental alleles preferentially. However, instead of the randomness at the cellular or clonal level the monoallelic expression was observed in the entire placental tissue.
Materials and Methods
Description of participants and sample collection The study was approved by the Research Ethics Committee of the University of Tartu. Written informed consent was obtained from each participant of the study (permission no. 213/T-21). Ten family trios (mother, father and newborn) of Caucasian descent were recruited from the Maternity Department of the Women's Clinic at Tartu University Hospital from April to June 2012. Participant characteristics are summarized in Table S4 . The average (mean § standard deviation [SD]) maternal and paternal ages were 26.7 § 5.4 and 30.5 § 6.4 years, respectively. Data regarding parental diseases, smoking status, somatometric data and maternal childbirth history were obtained from the medical records during the pregnancy and after birth. Cases of documented fetal or chromosomal abnormalities, families with a history of inherited diseases, and patients with diabetes mellitus, hypertension or renal diseases as well as with pregnancy complications were excluded.
Clinical and biological materials were collected from singleton pregnancies at term. The average gestational age at delivery was 40.5 § 1.0 weeks (range, 38-42 weeks). Eight women had spontaneous vaginal deliveries. Two babies were born by elective and emergency caesarean section due to scarred uterus and psychosocial reasons; and obstructed labor, respectively. The newborn babies (6 boys and 4 girls) were healthy, with birth parameters appropriate for their gestational age of 10 th to 90 th percentile, according to the Estonian Medical Birth Registry. 44 The average birth weight was 3,629.6 § 324.1 g. The average Apgar scores at 1 and 5 minutes were 8.6 § 0.5 and 9.2 § 0.6 points, respectively.
Placental biopsies were obtained within 1 hour after removal of placenta during the caesarean section or vaginal delivery. Fullthickness placental blocks of around 2-3 cm were taken from 3 different regions of placenta, placed immediately into RNAlater (Ambion Ò , Life Technologies TM ), stored 24 hours at 4 C, and stored at -80 C for subsequent RNA extraction. All samples were collected by the same medical personnel. The maturity and health of the term placenta were confirmed by histological examination. Postnatal umbilical cord and parental peripheral blood samples were collected for DNA genotyping.
DNA and RNA extraction A total of 9 mL of peripheral venous blood from parents and 4 mL of umbilical cord blood were collected into ethylenediaminetetraacetic acid-containing tubes (BD Vacutainer, Becton, Dickinson and Co) for DNA extraction. DNA was isolated from blood by a salting-out protocol. 45 DNA samples were eluted with 1 mL of water and stored at -20 C until genotyping. NanoDrop 2000 (Thermo Fisher Scientific Inc.) was used to assess DNA concentration and purity.
Total RNA was extracted from frozen placental tissue with the mirVana TM miRNA Isolation Kit (Ambion Ò , Life Technologies TM ), according to the manufacturer's instructions. Extractions were performed from 3 samples collected from the same placenta, and the RNA samples were pooled together.
Contaminating DNA was removed from RNA samples with the DNA-free TM Kit (Invitrogen TM , Life Technologies TM ), according to the manufacturer's instructions. An Agilent 2100 Bioanalyzer and the RNA 6000 Nano Kit (Agilent Technologies) were used to assess the integrity and concentration of total RNA samples. RNA samples with an RNA integrity number of 5 were used for further analyses.
DNA SNP genotyping
Exome SNPs of all participants (mother, father and child) were genotyped with the Illumina HumanExome BeadChip v1.1 SNP microarray (Illumina Ò ). A 95% call rate criterion was used for genotyped samples and markers. Calling was performed with GenomeStudio (2010.3). PLINK software (http://pngu.mgh. harvard.edu/purcell/plink/) was used for quality control filtering. 46 Samples were controlled for gender mismatches and larger deviations of heterozygosity to detect mislabelling and contamination. SNPs from the X and Y chromosomes, all insertions and deletions (indels), mutant SNPs (i.e., a child had a SNP allele that was missing in his/her parents, most likely representing genotyping errors) and SNPs with at least one missing allele (e.g., due to low-quality DNA and/or poor genotyping data) were excluded from further analysis ( Table S2) . Genotyping data is available in GEO (accession number: GSE56781).
RNA-Seq and gene expression analysis
To prepare the WT library for WT RNA-Seq, 45 ng of total RNA were used. RNA was amplified with the Ovation RNA-Seq System V2 Kit (NuGen). Output double-stranded cDNA was used to prepare the SOLiD 5500 System DNA fragment library, according to the manufacturer's protocols (Life Technologies TM ). Barcoding primers for library preparation and paired-end sequencing chemistry were applied (75 bp in forward and 35 bp in reverse directions). In the case of 10 pooled samples analyzed on 3 FlowChip lanes, approximately 40 million mappable paired-end reads were obtained per sample. The DESeq package 47 in the R statistical language and environment (version 3.0.2) was used to calculate the reads per kilobase per million (RPKM). Log 2 RPKM was used as a measure of gene expression. Background gene expression was calculated as the median value of all genes, with the gene expression scaled so that the background expression was considered equal to one. RNA-Seq data is available in GEO (accession number: GSE56781).
Identifying imprinted and monoallelically expressed genes
A custom pipeline, similar to the one used by Rozowsky et al. 43 was used (Fig. 1) . This pipeline was mostly based on a collection of custom scripts (available on http://biit.cs.ut.ee/supplementary/placenta_imprinting/) written in R software (version 2.15). Differences from the Rozowsky et al. pipeline are mainly due to the data type analyzed. Only SNPs and not structural variants or indels, were used to construct the parental genomes.
WT RNA-Seq reads from placenta were mapped to both parental genomes with the SHRiMP2 mapping program. 48 For each read, the alignment with the best parental score was used in the downstream analysis. When the mapping quality was equal for the maternal and paternal genomes, the underlying sequence was most probably the same; therefore, either of the 2 mappings was chosen randomly. Reads with gapped alignment, or in which the paired-end reads were mapped too far away from each other (>10,000 bp) or to different chromosomes were excluded. After excluding low-quality mappings, approximately 50% of the reads remained for further analyses (Fig. S6) . For each phased SNP, the number of maternal and paternal reads was counted. The deviation between the read numbers was analyzed with the binomial test in R software (version 2.15).
To select the final list of genes, further filtering was performed, including all RNA-Seq SNPs with at least 1% minor allele frequency (MAF), according to the dbSNP database, 18 and 3% MAF in the RNA-Seq data; in this way, possible sequencing errors were minimized. The 2 alleles were confirmed to be the same as those found in the dbSNP database. The analysis pipeline similar to microarray SNPs was repeated (Fig. 1) , and the genes, which had 75% of ASE-SNPs from the total number of heterozygous SNPs, were selected.
As an additional filtering step, we subsequently analyzed the parental specific gene expression in individual families that helped to discriminate between the imprinted and randomly monoallelically expressed genes (Fig. 1) .
Validation of gene imprinting and monoallelic expression
Selected regions of genomic DNA samples of PEG10, RHOBTB3 and PAPPA2 (Table S3 ) from all family members were amplified by PCR in 10 mL containing 1 £ Hot FirePol C for 50 seconds, followed by 72 C for 5 minutes.
Reverse transcription of placental RNA was performed with the RevertAid TM First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc.) with random hexamer primers. The acquired cDNA was amplified with the same specified primers (Table S3 ) and the aforementioned thermocycling conditions. For sequencing, the BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies TM ) was used in a 10-mL reaction volume containing 1 mL of purified PCR product. Electrophoresis was performed on an ABI Prism 3730 DNA Analyzer (Life Technologies TM ).
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